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1.  Penta-quark components in the proton

Classical picture of the proton

`u(x) =`d(x) , `s(x) = s(x) 

1974-1992
1964-1974



 5-quark components in the proton

Flavor asymmetry of light quarks in the nucleon sea

Deep Inelastic Scattering (DIS) + Drell-Yan (DY) process

 `d –`u ~ 0.12        for a proton

Garvey&Peng,  Prog. Part. Nucl. Phys.47, 203 (2001)

Spin crisis for the proton

expt.:

QM:         Du = 4/3 ,              Dd = -1/3 ,                     Ds =0  



Two schemes for `d –`u ~ 0.12     &    spin crisis

Meson cloud picture:  Thomas, Speth, Henley,  Meissner, Miller, Weise, Oset, 

Brodsky, Ma, … 

| p > ~ | uud > + e1 | n ( udd ) p+ (`du ) >

+ e2 | D++ ( uuu ) p- (`ud ) >  + e’ | L (uds) K+ (`su ) > …

Penta-quark picture :  Riska, Zou, Zhu, …

| p > ~ | uud >  + e1 | [ud][ud]`d > + e’  | [ud][us]`s  >  + …

 ~ 30%   5-quark components in a proton
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2. Pentaquark states before LHCb Pc states

Fate of the first pentaquark predicted and observed: 

1959:  `KN molecule predicted by Dalitz-Tuan, PRL2, 425

1961:    L(1405)  Sp observed by Alston et al., PRL6, 698

1964:    Quark model (uds) for L(1405) – the lowest ½- baryon

1995:  `KN dynamically generated -- Kaiser et al., NPA954, 325

2001:    2 pole structure by`KN-Sp  -- Oller et al., PLB500, 263

PDG2010:  “The clean Λc spectrum has in fact been taken to 

settle the decades-long discussion about the nature of the 

Λ(1405) —true 3-quark state or mere`KN threshold effect?—

unambiguously in favor of the first interpretation.”



Fate of the last famous fading pentaquark q+(1540): 

1997:  Z+ (1530) predicted by Diakonov et al., ZPA359, 305

2003:    q+(1540)  K+n claimed by LEPS, PRL91, 012002

2003:  `s (ud)(ud) for q(1540) by Jaffe&Wilczek, PRL91, 232003

2003:  `s ud)(ud) for q(1540) by Karliner&Lipkin, PLB575, 249 

2004:  supported by 10 expts q(1540) well-established by PDG

2004:   not supported by BESII, PRD70, 012004

2005:   not supported by many high stats experiments 

2006:   removed from PDG

Note:  q+(1540) is not supported by hadronic molecule model &

chiral quark model by Huang, Zhang, Yu, Zou, PLB586(2004)69



While lacking expt constrains on models of compact pentaquarks, 

models for hadronic molecules are much better constrained.



p+p+

p+K+ p+ p

pp (I=0) pK (I=1/2) pN (I=1/2)

Similarity for pp, pK and pN s-wave scattering phase shifts



Important role by t-channel r exchange for all these processes

p,K,N

p p
r

pp                              pK & pN

Kr
I=0 = - 2 Kr

I=2 ,          Kr
I=1/2 = - 2 Kr

I=3/2

D. Lohse, J.W. Durso, K. Holinde, J. Speth,  Nucl.Phys.A516, 513 (1990) 

B.S.Zou, D.V.Bugg, Phys. Rev. D50, 591 (1994)

An interesting paper by T.Hyodo, D.Jido, A.Hosaka, PRL 97 (2006) 192002

“Exotic hadrons in s-wave chiral dynamics”

p,K,N



`KN(I=0) `KN(I=1) KN(I=0) KN(I=1)

Phase shifts:         strong  +     weaker +     weaker - strong –

VMD :              -Vw - 3Vr -Vw + Vr Vw - Vr          Vw + 3Vr

Similarity between pS -`KN(I=0) and  pp -`KK(I=0)

dipole structure for  L(1405)     s - f0(980)

VMD – ChPT unitarized  N*(1535)  as KS bound state

Kaiser et al., PLB362(1995)23



A new direction to pin down pentaquark states : 

Extension to hidden charm and beauty for baryons

N*(1535)   `ssuud B.C.Liu, B.S.Zou, PRL96(2006)042002

N*(4260)   `ccuud J.J.Wu, R.Molina, E.Oset, B.S.Zou,

Phys.Rev.Lett. 105 (2010) 232001

N*(11050) `bbuud J.J.Wu, L.Zhao, B.S.Zou, PLB709(2012)70

L*(1405)   `qquds

L*(4210)   `ccuds J.J.Wu, R.Molina, E.Oset, B.S.Zou,

Phys.Rev.Lett. 105 (2010) 232001

L*(11020) `bbuds J.J.Wu, L.Zhao, B.S.Zou, PLB709(2012)70



From KS,`KN`DSc,`DsLc  BSb, BsLb bound states

“Prediction of narrow N* and L* resonances with hidden charm above 4 GeV”, 

Wu, Molina, Oset, Zou, PRL105 (2010) 232001



J.J.Wu, R.Molina, E.Oset, B.S.Zou, PRL 105 (2010) 232001

N* -`DSc

N*-`D*Sc

L*

L*

JP

1/2-

1/2-,  3/2-

`DXc

`DX’c

`D*Xc

`D*X’c



Further studies support such hidden charm N* 

W.L.Wang, F.Huang, Z.Y.Zhang, B.S.Zou, PRC84(2011)015203:   

Chiral quark model  `DSc state  ~ 4.31 GeV

Z.C.Yang, Z.F.Sun, J.He, X.Liu, S.L.Zhu,  Chin. Phys. C36 (2012) 6

Schoedinger Equation method with p, h, r, w, s exchanges

`D*Sc (1/2-,3/2- )  N* state  ~  4.36 – 4.46 GeV

J.J.Wu, T.S.H.Lee, B.S.Zou, PRC85(2012)044002:

EBAC-DCC model `DSc (1/2-) ~  4.3 GeV,

`D*Sc (1/2-,3/2-) ~  4.4 - 4.5 GeV `

C.W.Xiao, J.Nieves, E.Oset, PRD 88 (2013) 056012: 

Heavy quark spin symmetry  7 such N* molecules

`DSc (1/2-) ~  4.26 GeV, `DSc* (3/2-) ~  4.33 GeV, 

`D*Sc (1/2-,3/2-) ~  4.41, 4.42 GeV, 

`D*Sc* (1/2-,3/2-,5/2-) ~  4.48 - 4.49 GeV

M.Karliner, J.L.Rosner, PRL115(2015)122001:

Pion exchange  `D*Sc (1/2-,3/2-) ~  4.5 GeV



S.G.Yuan, K.W.Wei, J.He, H.S.Xu, B.S.Zou, “Study of `ccqqq five quark 

system with three kinds of quark-quark hyperfine interaction,”

Eur. Phys. J. A48 (2012) 61

M(5/2+) – M(3/2-) :  130 ~300 MeV



`pp g`ppJ/y >  0.1 nb

> 100 events per day at PANDA/FAIR by L=1031 cm-2s-1

These Super-heavy narrow N* and L* 

can be found at PANDA !

Albrecht Gillitzer@Juelich had a plan to find them at PANDA

Prediction for PANDA



Prediction for 12GeV@JLab

Y. Huang, J.He, H.F.Zhang and X.R.Chen,  JPG41, 115004 (2014)



a) X.Y.Wang, X.R.Chen, “The production of hidden charm baryon N*(4261) 

from  p-p hc n reaction”, EPL109 (2015) 41001.

b)     E.J.Garzon, J.J.Xie, “Effects of a N`cc resonance with hidden charm in 

the π-p D-Σc
+ reaction near threshold”, PRC 92 (2015) 035201

c)     X.Y.Wang, X.R.Chen, “Production of the superheavy baryon L*(4209) 

in kaon-induced reaction”, EPJA51 (2015) 85

Proposals for looking for   N`cc & L`cc with p-, K beams at JPARC



3.  LHCb Pc & Pcs states & theory progress

LHCb, Phys.Rev.Lett. 115 (2015) 072001 : 

Observation of two N* from  



LHCb, Phys.Rev.Lett. 122 (2019) 222001





`DXc (4337MeV), `D*Xc (4478MeV), `DX’c (4444MeV), `D*X’c (4585MeV),  

`DX*c (4513MeV), `D*X*c (4654MeV)



Theory progress after LHCb observation of Pc & Pcs states 

Thresholds `DSc* (4383MeV), `D*Sc (4460MeV), pcc1 (4449MeV)

1) `DSc* ,`D*Sc ,`D*Sc * molecular states
R.Chen, X.Liu, X.Q.Li, S.L.Zhu, PRL115 (2015) 132002;

L.Roca, J.Nieves, E.Oset, PRD92 (2015) 094003;

J.He, PLB 753 (2016)547 ;

2) diquark cu & triquark`c(ud) states
L.Maiani, A.D.Polosa, V. Riquer, PLB749 (2015) 289; 

R.Lebed, PLB749 (2015) 454;

G.N.Li, M.He, X.G.He, JHEP 1512 (2015) 128;

R.Zhu, C.F.Qiao, PLB756 (2016) 259;

3) Kinematic triangle-singularity 
F.K.Guo, Ulf-G.Meißner, W.Wang, Z.Yang, PRD92 (2015) 071502

X.H.Liu, Q.Wang, Q.Zhao, PLB757 (2016) 231

For comprehensive reviews,  cf.:  
H.X.Chen, W.Chen, X.Liu, S.L.Zhu, Phys.Rept. 639 (2016) 1

F.K.Guo, C.Hanhart, U.Meissner, Q.Wang, Q.Zhao, B.S.Zou, RMP 90 (2018)015004

Y.R.Liu, H.X.Chen, W.Chen, X.Liu, S.L.Zhu, Prog.Part.Nucl.Phys. 107 (2019) 237



Multiquark states – crucial for hadron structure !

X(3872)     top cited paper for Belle (2003)        1867 cites

Zc(3900)  top cited paper for BES  (2012)         809 cites

Pc states    top cited paper for LHCb (2015)      1114 cites

H.X.Chen, W.Chen, X.Liu, S.L.Zhu, Phys.Rept. 639 (2016) 1:
“The hidden-charm pentaquark and tetraquark states”            613 cites

F.K.Guo, C.Hanhart, U.Meissner, Q.Wang, Q.Zhao, B.S.Zou, 
Rev.Mod.Phys. 90 (2018)015004: “Hadronic molecules”            482 cites



Diquark model by

A.Ali et al., PLB793 (2019) 365

Hadrocharmonium states by

M.Eides et al., MPLA35(2020)2050151

Different predictions from various models :



Predictions from molecular picture:

`DSc , `DSc* ,`D*Sc ,`D*Sc*   7 bound states

M.Z.Liu et al., PRL122 (2019) 242001;  M.L.Du et al., PRL124 (2020) 072001 

`DXc (4337MeV), `D*Xc (4478MeV), `DX’c (4444MeV), `D*X’c (4585MeV),  

`DX*c (4513MeV), `D*X*c (4654MeV)     10 bund states

 Different predictions to be checked !



Disentangling`DSc* /`D*Sc nature of Pc
+ states from their decays

Y.H.Lin, C.W.Shen, F.K.Guo, B.S.Zou, PRD95(2017)114017

One pion exchange is very important !

`DSc* &`D*Sc* are much broader than`DSc &`D*Sc states



Partial decay widths of Pc(4312), Pc(4440) & Pc(4457) 

Y.H.Lin, B.S.Zou, PRD100 (2019) 056005

It is very important to study Pc`D*Lc &`DLc !



Pin down Pc
+ states from their photo-production   

J.J.Wu, T.S.H.Lee, B.S.Zou, arXiv:1906.05375



Strange partners of Pc and Pcs  states

KS* ~1880         K*S ~ 2086        K*S* ~ 2280 

N*(1875)            N*(2080)               N*(2270) 

KX ~1810   KX* ~ 2027   K*X ~ 2210   K*X* ~ 2427 

L(1/2-)            L(3/2-)          L(1/2-,3/2-)      L(1/2-,3/2-,5/2-) 

K*N ~1833  ：L(1800)1/2-, L(3/2-) 

4.  Strange & beauty partners of Pc states



cc0 `pK*+L +c.c.         
BESIII, arXiv:1908.02979

Strangeness partners of Pc states at BES ? 

N*(1875)        N*(2080)          N*(2270) 

KS* ~1880         K*S ~ 2086      K*S* ~ 2280 

L 0

SnKJ/y

BESII, PLB659 (2008) 789

N*(2080)

N*(2270)



f

N`ssuud  

Y uds /  L`ssuds

K(*)       

Photo-production of pentaquark states with hidden strangeness

L`ssuds  Lf, Lh

`K

p

L*, S*
Y, N,   X *

K

p,`K,  K

Photo-production of hyperons



1/2-

1/2-,  3/2-



and                          dynamical coupled channel study
C.W.Shen, Roechen, Meissner, Zou, CPC42(2018) 023106   

More pentaquarks with hidden beauty than with hidden charm



Decay behavior of Ps & Pb pentaquark states

Y.H.Lin, C.W.Shen, B.S.Zou, NPA980(2018)21

Guidance for Ps & Pb search

C.W.Shen, J.J.Wu, B.S.Zou (2019), ArXiv:1906.03896

Guidance for Psc search



 my favorite strategy for hadron spectroscopy:

`ccuud &`ccuds   sss  -`qqsss  cqq -`qqcqq 

 hyperons  light baryons

`cc`ud &`cs`ud   `cc -`qq`cc  `cq -`cq`qq

 K mesons  light mesons

s  c  b

5. Prospects

charm & beauty meson         charm & beauty baryon          

b/ b/



• New penta-quark spectroscopy provides a new ideal platform

for understanding multiquark dynamics

• Further experimental confirmation and extension for whole

penta-quark spectroscopy from gN, pN, KN, e+e-
`LbLb , etc.

ep/gp@JLab, p10/K10@JPARC, BelleII, BESIII, Eic/EicC, 

PANDA@FAIR, STCF etc.      may play important role here!



Thank you for 

your attention!


